The surface accessibility of α-bungarotoxin has been investigated by using Gd 2 L7, a newly designed paramagnetic NMR probe. Signal attenuations induced by Gd 2 L7 on α-bungarotoxin CαH peaks of 1 H-13 C HSQC spectra have been analyzed and compared with the ones previously obtained in the presence of GdDTPA-BMA. In spite of the different molecular size and shape, for the two probes a common pathway of approach to the α-bungarotoxin surface can be observed with an equally enhanced access of both GdDTPA-BMA and Gd 2 L7 towards the protein surface side where the binding site is located. Molecular dynamics simulations suggest that protein backbone flexibility and surface hydration contribute to the observed preferential approach of both gadolinium complexes specifically to the part of the α-bungarotoxin surface which is involved in the interaction with its physiological target, the nicotinic acetylcholine receptor.
Introduction
Nowadays, the use of engineered proteins as nanomachines is already included in projects for developing new materials and devices. However, programming the activity of proteins requires a deeper insight on the mechanisms of their intermolecular approaches. Mapping protein surface accessibility might give a solid experimental basis to predict surface hot spots and, hence, to design suitable mutants. Protein surface accessibility, indeed, controls all the biological processes which are driven by protein-protein, protein-ligand and protein-nucleic acid interactions. The fact that protein structures and functions have evolved in an aqueous environment suggests that protein surface accessibility is modulated by a variety of mechanisms where water molecules play a predominant role. In facts, water molecules have been found to modulate the approach of organic solvent molecules to specific protein surface regions both in the crystal [1] and in solution [2] . Thus, a direct investigation on the dynamic state of water molecules located at the solvent-protein interface would yield precious information on protein surface regions exhibiting enhanced accessibility, therefore, most likely including the so called surface hot spots. However, the fact that the water-protein interaction network cannot be unambiguously defined [2] suggests that alternative experimental strategies are required for delineating the surface accessibility of proteins. In this respect, NMR studies on the effects induced by soluble paramagnetic probes, such as aminoxyl spin-labels [3] [4] [5] , gadolinium complexes [6, 7] and molecular oxygen [8, 9] , on protein and RNA NMR signals have provided a good wealth of information about the complex dynamics contributing to surface accessibility. The fact that paramagnetic probes might be involved in biased approaches towards specific amino acid side chains or structural determinants has been considered and, consequently, the use of more than one probe has been suggested to enhance the resolution of this kind of studies [10] .
Some interference to a purely random approach of TEMPOL to the protein surface, due to some hydrogen bonding between the N-oxyl moiety of the probe and protein backbone amide groups, has been suggested by comparing the paramagnetic profiles induced by different probes [10] .
Relaxometric techniques have yielded no evidence of strong interactions of GdDTPA-BMA with specific molecular sites, even in the crowded molecular environments typical of biological fluids [11] , suggesting that the latter paramagnet is well suited for accurate mapping of surface accessibility [6] .
In the present study a newly designed neutral complex of Gd(III) ion, whose structure is shown in Fig.   1 , and henceforth called Gd 2 L7, has been used for investigating the role of size and hydrophobicity of paramagnetic probes in defining protein surface accessibility.
In this respect, a comparison has been made between the paramagnetic attenuations induced by the presence of this ditopic probe and of GdDTPA-BMA on 1 H-13 C HSQC well resolved CαH signals of α-bungarotoxin, α-BTX. This small neurotoxin, whose structure and dynamics have been well characterized [12, 13] , represent a suitable model system since specific pathways of approach to the protein surface have been recently found by using GdDTPA-BMA as a paramagnetic probe, as well as a remarkable complementarity between predicted low water density and high paramagnetic attenuations [14] . The surface dynamics picture inferred by the latter NMR study results in very good agreement with the recent crystallographic structure of α-BTX bound with its receptor [15] . The protein moiety most accessible to GdDTPA-BMA is, indeed, also the one which is in contact with the α1 subunit of the mouse nicotinic acetylcholine receptor, AchR. Moreover, in the latter protein-protein interface no water molecules are present, consistently with the lack of high water density sites in the α-BTX binding region predicted by MD simulations [14] .
In the case Gd 2 L7 would confirm the accessibility pattern to the α-BTX surface already derived from GdDTPA-BMA paramagnetic perturbations, would suggest that the new ditopic probe should be included in the list of molecular tools for understanding protein surface dynamics. with the AchR [15] , and that in the latter side of α-BTX no MD defined high water density sites could be found [14] . This finding supports the already suggested correlation between the extent of protein backbone flexibility and absence of structured water molecules [16] .
Results
Characterization of Gd 2 L7 structure, dynamics and relaxation properties. In Fig. 1 transverse relaxation rate, R 2p , represent a well-established procedure for an accurate determination of the coordinated water exchange dynamics. In fact, the dominant mechanism is the modulation of the Gd- 17 Ow scalar interaction which depends directly on the rate of water exchange, k ex (k ex =1/τ M ),
and on the electronic relaxation times T 1,2e [17] . The R 2p data are analyzed with the use of the Swift-Connick equations that depends on several parameters including: i) the parameters related to the electronic relaxation times T 1,2e (i.e. the trace of the square of the zero-field splitting, Δ 2 ); the correlation time describing the modulation of the zero-field splitting, τ V ; and its activation energy, E v ;
ii) the enthalpy, ΔH M # of activation for the water exchange process; iii) the hyperfine Gd- Table 1 .
The mean residence lifetime τ M at 298 K for Gd 2 L7 (3.0 μs) is sensibly longer than that measured for GdDTPA-BMA (2.2 μs) [18] and one of the longest reported so far for a neutral Gd-complex. Only few CαH correlations exhibit A iGd2 values below 0.64, i.e. smaller than the average A iGd2 by a factor of σ. The small size of the neurotoxin and the long distance perturbation effect of the paramagnetic probe [20] account for this finding.
Discussion
The high resolution structure of the complex between α-BTX and the extracellular domain of the α1 subunit of AchR, α211, has been recently resolved [15] and it can be used as a reference for discussing the extent of Gd 2 L7 induced perturbations to the α-BTX methyne groups. On the basis of the Protein Data Bank [21] structure the α-BTX-α211 complex, PBD code 2QC1, it is apparent that the highest A i values are all grouped in the toxin side where the binding with α211 occurs, see Fig. 4 .
Conversely, all the surface exposed α-BTX methynes which experience only limited paramagnetic attenuations are located in a wide region which is almost opposite to the protein binding site.
As already suggested [14] , for a structural analysis of the obtained paramagnetic perturbations, atom depths, rather than accessible surface area, ASA, should be considered. Atom depth, indeed, reflects more properly than ASA the through-space character of those dipolar interactions between electronic and nuclear spins which generate the observed paramagnetic perturbations. In facts, backbone nuclei which are very close to the surface and, therefore, very approachable by paramagnetic probes, might also exhibit ASA=0, as in the frequent case where they are shielded by their neighboring side chain atoms.
Atom depths can be efficiently quantified by calculating the surface exposed volume of spheres having a suitable radius and centered on the investigated atoms [22] . Thus, on the basis of the used reference structure, atom depth indexes, D i , of each α-BTX atom can be calculated, see attenuations. Data shown in Fig. 2 suggest also that other contributions are present in controlling the approaches of the used paramagnetic probes to the toxin surface, since other flexible and surface exposed protein moieties are characterized by average or low A i values. This is the case of the so called α-BTX finger I and III regions, respectively residues 3-12 and 47-57. The predicted presence of high density water could explain a more hindered approach of both paramagnets to the latter surface regions [14] . The accessibility of finger III could experience an additional hindrance due to the involvement of this protein moiety in the formation of dimeric species seen both in the crystal state [23] and in solution [24] .
The strong similarity of A iGd and A iGd2 values cannot be attributed to a mere coincidence of specific protein-probe interactions, but rather to the characteristics of α-BTX surface dynamics. Furthermore, it should be noted that α-BTX structural features identify two protein sides: side A, characterized by i) reduced backbone flexibility, ii) presence of many high density hydration sites, as predicted by MD simulations [14] and iii) protein surface scarcely approached by the two gadolinium complexes. A complementary trend of the above mentioned features can be observed in the α-BTX side B, the one which incorporates the protein active site. 
Experimental Section
Sample preparation and NMR measurements α-BTX were obtained from Sigma and used without any further manipulation. Gd 2 L7 was prepared as previously described [3] . NMR measurements, run at 303 K and pH 6.0 to reproduce the experimental conditions of the original structural study of α-BTX, were obtained with a Bruker Avance 600 spectrometer. Data processing was performed with the NMRPipe software [25] . Variable-temperature 17 O NMR measurements were recorded on a JEOL EX-90 (2.1 T) spectrometer equipped with a 5 mm probe. Solutions containing 2.0% of the 17 O isotope (Cambridge Isotope) were used. The observed transverse relaxation rates were calculated from the signal width at half-height. Other details of the instrumentation, experimental methods, and data analysis have been previously reported [27] .
Depth index calculation
The 3D atom depths, reported as depth indexes D i,r 's, were calculated on the basis of the α-BTX solution structure (PDB code: 1IK8) [28] . , where V i,r is the exposed volume of a sphere of radius r (sampling radius) centered on atom i and V 0,r is the total volume of the same sphere. The sampling radius was set to 8 Å. The probe radius, used for the computation of the macromolecular surface, was set to 1.4 Å corresponding to the water molecular radius. For each C-H correlation, the averaged D i,8 is reported.
Molecular Dynamics simulation
A 16 ns MD simulation was performed starting from the α-BTX NMR structure (PDB code: 1IK8), using the GROMOS force field [29] and the GROMACS package [30] . Details on the MD run are supplied elsewhere [14] . All the analyses of MD trajectory were carried out using standard GROMACS tools.
Structure prediction of GdDTPA-BMA. On the basis of the crystal structure of GdDTPA-BEA [31] , the structure of the homologous complex GdDTPA-BMA has been modeled by using MOPAC [32] and reported in Fig. 1 .
